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Introduction
Tacrolimus is an immunosuppressive agent that inhibits cellular and T-cell-dependent humoral responses via the inactivation of the intracellular calcineurin complex. It has been marketed mainly for preventing or treating graft rejection in solid organ transplantation [1, 2] . Tacrolimus has a narrow therapeutic window, and its bioavailability shows high interand intra-individual variability [1, 3, 4] . The systemic exposure AUC is a significant efficacy variable; therefore, therapy is optimized on an individual patient basis by monitoring trough levels as surrogate markers of exposure. In clinical practice, the current immediate release (IR) tacrolimus is administered twice a day, once in the morning and once in the evening, to maintain whole blood trough concentrations generally within the range of 5-15 μg/L to prevent rejection. Tacrolimus should be taken 1 h before or at least 2 to 3 h after a meal to prevent a food effect. This schedule may be an additional burden for the patient, especially for the evening dose, because it may interfere with daily activities. Transplant recipients often receive an immunosuppressive regimen consisting of multiple medications; thus, a formulation that can be taken once daily is considered to be beneficial to patients. A new oral modifi ed release (MR) formulation of tacrolimus has been developed to allow a once-daily dosing regimen. Clinical studies demonstrate that MR tacrolimus is as effi cient and safe as IR tacrolimus [5] [6] [7] [8] . This formulation, known commercially as Advagraf, has been approved in more than 30 countries and regions as of 2010. The pharmacokinetics (PK) of tacrolimus have been compared between MR and IR formulations in stable kidney, liver, and heart transplant patients, and in de novo kidney and liver transplant recipients [9] [10] [11] [12] [13] . However, there is few clinical data on Chinese patients. The present study was Pharmacokinetics of tacrolimus converted from twice-daily formulation to once-daily formulation in Chinese stable liver transplant recipients 
Materials and methods

Patients
Eligible patients were stable liver transplant recipients who had undergone a transplant operation between 6 and 24 months prior to the start of the study. They were on a stable dose of IR tacrolimus (with or without mycophenolate mofetil) that remained unchanged for two weeks before baseline and a stable blood trough level concentration of tacrolimus (2-10 μg/L) which was measured before enrollment. Additional inclusion criteria were age (18-67 years), normal renal function (serum creatinine in the normal range), and stable liver function (aspartate aminotransferase or alanine aminotransferase less than twice the normal value). Patients who had received other organ transplantation, experienced any rejection episode within 90 days of enrollment, received antibody therapy within 6 months of enrollment, or were currently receiving other immunosuppression therapy such as sirolimus were not enrolled. Patients who had taken any drug that may interact with tacrolimus within 28 days of the study or during the study were also excluded.
Ethics
The clinical study was conducted at six study sites, with the leadership of Peking University People's Hospital, following approval of the protocol by the Independent Ethics Committee of the leadership hospital. The study was in full compliance with the principles of the "Declaration of Helsinki" (current revision) and the "Good Clinical Practice" guidelines issued by the State of Food and Drug Administration in China. Written informed consent was obtained from each patient before enrollment.
Study design
The research was an open-label, multi-center, one-way conversion study in stable liver transplant recipients being treated with IR tacrolimus-based [Prograf ® , Astellas Pharmaceutical (China), Inc] immunosuppression. On d 0, patients continued to receive a stable twice-daily dose of IR tacrolimus. On d 1, patients were converted to MR tacrolimus [Astellas Pharmaceutical (China), Inc] on a 1:1 (mg:mg) basis for their total daily dose. The administration time was similar to that of those who were administered IR tacrolimus for the fi rst time. Succeeding doses were adjusted based on whole blood trough levels, which were expected to be 2-10 μg/L and were monitored using the microparticle enzyme immunosorbent assay (MEIA) or enzyme linked immunosorbant assay (ELISA) method.
PK studies PK study 1 (PK1), PK study 2 (PK2), and PK study 3 (PK3), were carried out three times in 24 h on d 0, d 1, and d 84 (time window ±5 d).
Sample collection for the PK studies In PK1, blood samples (2 mL) were collected from the forearm vein and placed into EDTA plastic tubes prepared in the morning at pre-dose and at 0.5 h, 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 12 h, 12.5 h, 13 h, 14 h, 15 h, 16 h, 18 h, 20 h, and 24 h after oral administration. In PK2 and PK3, blood samples were collected in the morning at pre-dose and at 0.5 h, 1 h, 2 h, 3 h, 4 h, 6 h, 8 h, 12 h, 14 h, 16 h, 20 h, and 24 h after oral administration. Blood samples were frozen at -20 °C within 20 min of collection. The frozen samples were then sent to the analytical laboratory and stored at -70 °C until analysis.
Determination of tacrolimus in human blood samples
The quantifi cation of tacrolimus was performed using a validated liquid chromatography-tandem mass spectrometry (LC/MS/MS) method [14] . In brief, the blood samples were prepared using liquid-liquid extraction with ethyl ether. Chromatography was carried out on a Capcell-Pak CN column (particle size 5 μm, 100 mm×4.6 mm, Shiseido, Tokyo, Japan) using a mobile phase of acetonitrile-0.002% ammonia water (75:25, v/v) at a fl ow rate of 0.5 mL/min. Column temperature was maintained at 30 °C. An API 4000 triple quadrupole mass spectrometer equipped with a TurboIonSpray (ESI) source (Applied Biosystems, Concord, Ontario, Canada) was used for mass analysis and detection. Quantification was performed using multiple reaction monitoring (MRM) of the transitions m/z 802.7 → m/z 560.5 for tacrolimus and m/z 790.9 → m/z 548.5 for the internal standard ascomycin.
Tacrolimus response was found to be linear (r>0.998) over the concentration range of 0.200-30.0 μg/L. Intra-and interrun precision values for the concentrations of 0.500, 4.00, and 24.0 μg/L were all less than 14.0%, and the accuracy ranged from 96.2% to 102.5% of the nominal value.
Data analysis PK parameters were calculated using standard non-compartmental methods. Maximum concentration (C max ) and time to reach C max (t max ) were determined by inspecting blood concentration-time curves. Concentration at trough level was determined using the concentration at 24 h (C 24 ) on days when PK profi les were obtained. The area under the blood concentration-time curve from 0 to 24 (AUC 0-24 ) at steady state was calculated using the linear trapezoidal method.
Statistical analysis
The correlation between AUC 0-24 and C 24 was analyzed for both MR and IR tacrolimus. As this was not a standard bioequivalence study, the comparisons of PK parameters between the two formulations were conducted with an analogous bioequivalence procedure based on a 90% CI for the ratio of geometric means and acceptance intervals of 80% to 125% for AUC 0-24 , C max , C 24 , and dose-adjusted AUC 0-24 . The parameters were ln-transformed before statistical analysis.
The 
Results
Patients and dose levels A total of 85 Chinese patients were enrolled in this PK study. Eighty-three patients (70 males and 13 females) completed PK1 and PK2 profi les; among them, 81 patients (68 males and 13 females) completed all three PK profi les. The mean age for the 83 patients was 46±10 years (from 19 to 67 years), and the mean weight was 66.1±11.4 kg (from 43 to 90 kg). The mean daily dose of tacrolimus for IR tacrolimus on d 0 and MR tacrolimus on d 1 was 0.063±0.030 mg/kg (from 0.011 to 0.147 mg/kg), whereas the mean daily dose for MR tacrolimus on d 84 was 0.072±0.035 mg/kg (from 0.014 to 0.196 mg/kg). After conversion, 29 patients did not require any dose adjustment; 39 patients had an increase in daily doses; and 15 patients had a decrease.
Pharmacokinetics
The mean whole blood concentration-time curves of tacrolimus for IR tacrolimus on d 0, MR tacrolimus on d 1, and MR tacrolimus on d 84 are shown in Figure 1 . The calculated PK parameters are listed in Table 1 , and the statistical results are summarized in Table 2 .
The whole blood tacrolimus concentrations for IR tacrolimus refl ected the twice-daily dose regimen, with a smaller secondary peak exhibited on d 0. There was another trough concentration at 12 h in addition to C 24 . The mean values of C 12 and C 24 were 4.15 and 4.26 μg/L, respectively. The mean C max was 11.3 μg/L at 1 h, with a secondary C max of 8.0 μg/L at 14 h.
The whole blood tacrolimus concentrations for MR tacrolimus reflected the profile of the MR formulation. The mean values of C 24 for MR tacrolimus were considerably lower than that for IR tacrolimus, with 3.72 μg/L on d 1 and 3.31 μg/L on d 84. The mean C max was 10.4 μg/L at 2 h on d 1 and 9.0 μg/L at 2 h on d 84, which were also lower than those of IR tacrolimus.
The AUC 0-24 for MR tacrolimus on d 1 was comparable to that for IR tacrolimus. The 90% CI for the ratio of geometric mean was 92%-97%, which was contained entirely in the 80%-125% limits of equivalence. However, the same parameter for MR tacrolimus on d 84 was approximately 17% lower than that for IR tacrolimus, with a 90% CI of 77%-90%. The 90% CI for dose-adjusted AUC 0-24 was 66%-79%, which was also not within the equivalence limits of 80%-125%.
Correlation between AUC 0-24 and C 24
The correlation between AUC 0-24 and C 24 for IR tacrolimus and MR tacrolimus is shown in Figure 2 . There was a good correlation between AUC 0-24 and C 24 , with a coeffi cient r of 0.930 for IR tacrolimus on d 0, 0.936 for MR tacrolimus on d 1, and 0.903 for MR tacrolimus on d 84. The correlation between AUC 0-24 and C 24 for MR tacrolimus was similar to that for IR tacrolimus.
Discussion
Before our study, a set of clinical trials had been conducted to compare the PK profi les of tacrolimus between IR and MR formulations [9] [10] [11] [12] [13] . The clinical trial in de novo liver transplant patients showed that the systemic exposure AUC 0-24 on d 1 was approximately 50% lower for MR tacrolimus than for IR tacrolimus at equivalent doses, whereas values at steady state (d 14 and w 6) were similar for both formulations [13] . The conversion study in stable liver transplant patients showed that www.nature.com/aps Zhang YF et al Acta Pharmacologica Sinica npg the AUC 0-24 at steady state for MR tacrolimus once daily was equivalent to taking IR tacrolimus twice a day, but on average an 11% lower AUC 0-24 was found after a mg-for-mg dose conversion [9] . In order to better understand the PK profi les of MR tacrolimus, we performed a conversion study with a long period follow up in Chinese stable liver transplant recipients. In this study, the systemic exposure to MR tacrolimus on the fi rst conversion day was found to be equivalent to that for IR tacrolimus. This is not surprising because the exposure on d 1 refl ects mostly the steady state exposure for the IR formulation. However, the steady state exposure of MR tacrolimus was found to decrease signifi cantly when compared with that of IR tacrolimus. The AUC 0-24 value on d 84 decreased by 17% when the daily dose increased by 14%. The 90% CI for the ratio of MR/IR tacrolimus was 77%-90%, and the 90% CI for the ratio in dose-adjusted AUC 0-24 was only 66%-79%. These statistics are not in agreement with the previous report [9] , which showed that most patients did not require a dose adjustment when they were converted from IR to MR tacrolimus, and the 90% CI for the ratio in AUC 0-24 was within the equivalence range of 80%-125%. The discrepancy between these results and our fi ndings may be due to the difference in study design. The reported study [9] was a four-period replicate (IR tacrolimus-MR tacrolimus-IR tacrolimus-MR tacrolimus) design study in which treatment with tacrolimus was converted on three occasions, and each treatment period was only 14 d. However, the present study was a one-way conversion from twice-daily IR tacrolimus to once-daily MR tacrolimus, and it had a longer period at nearly three months of treatment. In another one-way conversion study with a six months follow up, 68% of patients who converted to MR tacrolimus had doses adjusted and nearly two-thirds required an increase, which is similar to our fi ndings [15] . Dose increases were also found in kidney and heart transplant recipients [16, 17] . The reason for the lower exposure for MR tacrolimus on d 84 is still unclear. It is well known that many factors infl uence the PK profiles of tacrolimus [1] . In this study, the patients were all in stable condition, and any drug known to alter the CYP450 enzyme system was prohibited before and during the study period to avoid drug-drug interaction. Because the treatment period was relatively long, some other factors that we did not fi nd or record may have led to the decrease in exposure. Nevertheless, our findings, together with the latest reports [15] [16] [17] , indicate that for MR tacrolimus, exposure to tacrolimus will decrease somewhat, and patients may require a mild dose increase when they are converted from IR to MR tacrolimus.
Despite the lower exposure to tacrolimus for MR tacrolimus, the efficacy and safety of MR tacrolimus did not appear to be different from IR tacrolimus. Simultaneous clinical trials showed that there was no increase in incidences of acute rejection, graft loss, and effects on patient survival rates in patients converted to MR tacrolimus when compared with patients treated with IR tacrolimus [18] . The incidences of adverse events were also comparable in both treatment groups [18] . These observations indicate that MR and IR tacrolimus are therapeutically equivalent in stable liver transplant recipients.
Similar to other reports [9] [10] [11] [12] [13] , the present study also showed that there was a good correlation between AUC 0-24 and C 24 for both IR and MR tacrolimus. The fact that the slope of the line best fit was similar for both formulations indicates that the same therapeutic drug monitoring for IR tacrolimus could be applied to MR tacrolimus.
In conclusion, this study indicates that exposure to tacrolimus for MR tacrolimus once daily is not equivalent to that for IR tacrolimus twice daily in Chinese stable liver transplant recipients after an 84-day conversion, and the dose should be adjusted on the basis of trough levels. The therapeutic drug monitoring carried out for patients receiving IR tacrolimus is considered to be applicable to those receiving MR tacrolimus.
